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X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure 
(EXAFS) were used to provide direct infonnation in solution on tbe coordination state of 
electrogenerated products from anodically polarized nickel electrodes in pseudohalide-containing 
dimethyl sulfoxide (DMSO) solvent (i.e. NCX-, X=O, S, Se) in the presence of a supporting 
electrolyte of tetrabutylammonium perchlorate (TBAP). Electrogenerated solutions and model 
solutions representative of the chemical speciation in electrolyzed systems (prepared by mixing 
Ni(II) and pseudohalide solutions in DMSO), were also examined. In general for Ni(II) 
interacting with NCS· and NCSe·, the complex ion generated appears to be 6-co-ordinate 
[Ni(NCX)(DMSO)5t, while EXAFS/XANES data of tbe Ni/cyanate system suggest results an 
average co-ordination number of 5, which in reality is due to tbe electrogenerated solution 
containing a mixture of 4 coordinate (tetrahedral) [Ni(NCO)4t and octahedral [Ni(DMSO)6l2+ 
species. These observations of the octahedral geometry for tbe Ni(lI)ltbiocyanate and 
Ni(II)lselenocyanate systems and 5-coordinate geometry in the Ni(II)/cyanate systems (being 
electrogenerated products of anodic polarisation of Ni in the DMSO-supported pseudohalide ion 
electrolytes) agree with the differences in colour observed between samples. EXAFS/XANES 
measurements combined with IR spectroelectrochemical analyses of solutions provide a versatile 
way of analyzing these electrochemical systems without the need for isolating compounds from 
the electrolyte. 
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INTRODUCTION 
Electrochemical studies of nickel in non-aqueous solvents are important for understanding its 
behaviour in applications such as battery and supercapacitor technology and as a catalyst for 
organic molecule synthesis. I , 2 Non-aqueous solvents are widely used in electrodeposition of 
metals where it is desirable to avoid the evolution of hydrogen2 , 3 However the dissolution 
behaviour of nickel metal electrodes in these solvents, particularly in the presence of co-
ordinating ionic species, has received relatively little attention" Characterization of the nickel 
complexes formed in these environments is problematic, since the ions cannot be isolated from 
solution and their co-ordination environment is highly dependent on the concentrations of Ni and 
the complexing ligands. The solvent itself may also co-ordinate to Ni. Infrared spectroscopy can 
yield information about the species co-ordinating to Ni, but not their geometry or number. The 
colour of the solution may give insight into the likely co-ordination geometry due to ligand field 
splitting effects, but provides no direct chemical information into the co-ordinating species. 
NMR spectroscopy can give more qualitative information into co-ordination numbers, but the 
technique requires relatively high concentrations, and in the case of Ni the NMR peaks are 
broadened due to paramagnetism of the Ni2+ ion5 X-ray absorption spectroscopy can provide 
information on the average Ni valence, co-ordination geometry, and number of co-ordinating 
species of ions in solution,6.11 including electrochemically generated unstable solution species.12 
The particular system under study here is complexes of Ni with pseudohalide ions (NCO', 
NCS', NCSe') in dimethylsulfoxide (DMSO) and dimethylformamide (DMF) - solvents 
commonly used in the chemical and fiber industries. 13, 14 In a previous study, Ni was anodically 
dissolved in DMSO and DMF in the presence of pseudohalide ions with tetrabutylammonium 
perchlorate (TBAP) as a supporting electrolyte, in an IR spectroelectrochemical cell. ls This 
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enables direct correlations to be made between the electrochemical response and the chemical 
species observed. 16-27 The pseudohalide ions are easily identified from the v(CN) stretching 
mode, which occurs in a region of the IR spectrum that is relatively unpopulated by other 
vibrational frequencies. Model solutions consisting of different Ni:pseudohalide ion ratios were 
synthesised and their IR spectra compared to those from the spectroelectrochemical study in an 
attempt to identify the complexes formed. Cyanate (NCO-) containing solutions were blue in 
colour, thought to be due to the formation of [Ni(NCO)4t. In solutions containing NCS- or 
NCSe- ions, it was proposed that a [Ni(pseudohalidelx(solventk,]2+ complex was produced. 
However, neither the geometries nor the degree of substitution x could be conclusively 
determined for either compound from the IR spectra. 
XAS was used to study both the electrogenerated and model solutions of Ni in DMSO in the 
presence of NCO-, NCS-, and NCSe-, to ascertain the actual co-ordination environment of these 
complexes. The results, combined with earlier IR spectroscopy and electrochemistry work, 
provide a clearer picture on the nature of the complexes and how they are formed. This has 
implications on how Ni might be used as an electrode in non-aqueous applications where 
pseudohalide ions may be present. 
EXPERIMENTAL SECTION: 
Solvents: Anhydrous DMSO (99.9%) was used as the solvent for all experiments. The 
pseudohalide salts used in experiments, i.e. potassium cyanate (KOCN, >96%), potassium 
thiocyanate (KSCN, >99%), and potassium selenocyanate (KSeCN, >97%) as well as other 
incidental chemicals that were needed in electrochemical, XAS work and in model solution 
preparations, i.e. nickel oxide (NiO, >99%), tetrabutylamrnonium perchlorate (> 98 %) were 
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all supplied by Aldricb Chemical Co, Ltd. and used as received. The nickel nitrate 
(Ni(N03h.6H20, >99%) contained waters of crystallization which were partially removed by 
drying in an oven at 50°C for 2-3 hours. This led to the originally blue salt turning a green colour 
after heating. Not all water was removed as confinned by IR spectroscopic analysis. This was 
not believed to significantly affect the results. 
Electrogenerated solutions for XAS analysis were produced using a thin layer electrochemical 
cell as described previously!5 containing a nickel working electrode, Pt secondary electrode and 
AgCVAg reference electrode. In general, the electrolyte solutions prepared for electrochemical 
experiments had a pseudohalide salt concentration of 0.05 mol L'! in DMSO with 0.1 mol L'! 
TBAP as a supporting electrolyte. 
Model solutions were prepared by mixing partially dehydrated (heated in an oven at 50°C for 2-3 
hours) Ni(N03h.6H20 and potassium pseudohalide salts with NCX':Ni2+ mole ratios of 2: I in 
DMSO. These solutions had Ni2+ concentrations of 0.025 mol L·!. 
Liquid samples and standards were loaded into a custom made cell which was constructed by 
affixing Kapton ™ tape to both sides of a Perspex holder which had a circular cavity of 1 cm 
diameter by 2 mm thickness. Liquid was injected into this Kapton ™ -sealed cavity (- 2.5 mL) via 
syringe. The liquid-filled cell was then flash frozen in liquid nitrogen and measured in a c1osed-
cycle He cryostat (T<IOK) at the XAS beamline at the Australian Synchrotron (Melbourne, 
Australia). Samples were frozen to avoid the fonnation of bubbles due to ionization of the 
solution by the X-ray beam. Freeze quenching has also been used in past studies to prolong the 
lifetime of electrochemically generated unstable species. !2 To verify that freezing did not alter 
the co-ordination environment of the complexes, the IR spectra of frozen samples were 
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recorded and showed no difference compared to liquid samples. The nominal beam size at the 
sample was 2 x 0.5 mm (horizontal x vertical height). Frozen samples were measured in 
fluorescence mode using a Canberra lOO-element Ge detector. Data were collected at the Ni K-
edge (8333 eV) up to k = 12 kl. The photon energy was controlled using a Si(lll) double-
crystal monochromator operating at the peak of the rocking curve ("fully tuned"), higher 
harmonics were rejected using X-ray mirrors. Solid standards (NiO) were measured in 
transmission mode by thoroughly mixing powders in cellulose powder. Liquid standard solutions 
were prepared as nominally 0.05 mol L-1 solutions of the dried nickel nitrate in distilled water 
and in neat DMSO solvent. 
The following samples were measured: 
Sample I: NiO, powder standard 
Sample 2: Ni(N03)z dissolved in water, liquid standard 
Sample 3: Ni(N03)z dissolved in DMSO solvent, liquid standard 
Sample 4: KOCN + Ni(N03)z 2: 1 in DMSO model solution 
Sample 5: KSCN + Ni(N03)z 2:1 in DMSO model solution 
Sample 6: KSeCN + Ni(N03)z 2: I in DMSO model solution 
Sample 7: NilKOCN solution generated by anodic polarization of a Ni electrode at +800 
mV(AgCIIAg) in DMSO producing a blue solution. N.B. +800 mV(AgCIIAg) is where the 
Ni(U)/cyanate complex ion produced by anodic polarization of the Ni electrode occurs at 
maximum intensity (when detected via IR spectroelectochemistry).1 5 The concentration of the 
Ni(U) complex ions being analysed in the electrogenerated solutions was expected to be lower 
than those in the model solutions (i.e. < 0.05 mol L-I ) . 
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Data were processed using either beamline software (Average 2.0) or software developed in-
house to remove diffraction peaks (arising from frozen solvent crystals). These software 
packages allow scans from entire detector elements (or parts of scans, in the case of the in-house 
software) to be removed. The data from remaining elements were dead-time corrected and 
averaged. The EXAFS data were processed and analyzed using Athena and Artemis28 with 
FEFF6?9 The background subtraction and normalization procedures were carried out using 
standard routines with default parameters determined by the Athena software. The data were 
fitted in R-space with kl, k2, and k3 weightings simultaneously. The Fourier transformed data 
were not phase shift corrected. 
RESULTS 
XANES 
The XANES part of the spectrum can be used for 'fingerprinting' the valence state of the Ni 
complex ions being probed (from the position of the absorption edge, Eo), and their co-ordination 
environment (from the intensity and position of peak features near the edge). 
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Sample 4: KOCN + Ni(NO,), 2:1 in DMSO 
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Figure 1. XANES data collected for standards: (a) NiO powder, (b) Ni(N03h in H20, (c) 
Ni(N03)2 in DMSO, (d) to (t) represent samples of model solutions with pseudohalide ion to 
nickel ratios of2:1, hence (d) is NilNCO- (sample 4), (e) is NilNCS- (sample 5), (t) is NiINCSe-
(sample 6) and (g) represents the sample of electrochemically generated Ni complex ions with 
NCO- from the thin layer electrochemical cell (sample 7). 
Figure I shows the XANES spectra for all standards and samples collected. N i(ll) ions tend to 
adopt octahedral or tetrahedral geometries,5 although square planar, 5-co-ordinate trigonal 
bipyramid and square pyramid geometries have also been observed. In many transition metals 
8 
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the XANES spectra for these different coordination geometries are reasonably distinct, but for Ni 
the differences can be subtleJO-32 According to the literature, the following conclusions can be 
drawn: A weak pre-edge peak feature at -8333 eV corresponds to a Is - 3d electronic transition, 
which is forbidden in true centrosyrnmetric moleculesJO Thus it is more prominent in 
tetrahedrally co-ordinated Ni than octahedrally co-ordinated Ni. However, distortion of 
octahedral Ni(lI) complexes will also result in this pre-edge peak feature being observed. Square 
planar and square pyramidal Ni often show a prominent feature or peak on the edge at - 8338 eV 
corresponding to the Is - 4p, transition.3o For Ni(lI) in solution, the first minimum above the 
edge is lower in energy for 6 co-ordinate Ni (8375 eV) than 4 co-ordinate Ni (8380 eV)JO Other 
features present in XANES spectra, including the intensity of the "white line" (first maximum) 
and position of subsequent maxima, depend on the ligand species attached and cannot be used as 
a general fingerprint of co-ordination geometry. Similarly the average slope of the edge depends 
on the ligand hardness JO The position of the edge can also shift by up to 2 eV as a result of 
ligands conjugated through 0 or N, to SJO 
From an examination of the XANES spectra from the present study in Figure I, the following 
was noted. There is a small peak at 8332 eV in all of the spectra shown in Figure I , which 
corresponds to the Is - 3d electronic transition. All of the Ni samples and standards in solution 
have similar shapes, i.e_ , the white line at 8348 eV, a shoulder at 8365 eV, a minimum at 8374 -
8376 eV, and subsequent oscillations_ The two liquid standards (Ni(II) in H20 and Ni(JJ) in 
DMSO; Figure I(b) and I(c)) are expected to adopt symmetric octahedral geometries5• 33 and 
display similar spectra to octahedral Ni(II) ions in solutionJ4 The samples containing 
coordinated NCX- ligands (X ~ 0, S, Se) show a shoulder below the edge at 8340 eV which is 
not present in the two liquid standards. This indicates a degree of asymmetry, possibly arising 
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from having two different species of co-ordinating ligands (NCX- and DMSO solvent 
molecules). For both the model and electrochemically generated samples with coordinated NCO-
(Figure I(d) and I(g», the intensity of this feature is noticeably higher than the samples with 
NCS- and NCSe·. This is most likely a Is - 4pz transition as observed in the XANES of species 
possessing square planar and square-pyramidal geometries, and, by implication, in distorted 
octahedral geometries als03 0-32 This may indicate that the Ni(II) complex with NCO' has a 
different co-ordination geometry, or adopts a mixture of different co-ordination geometries. 
The shoulder above the edge at 8365 eV is significantly lower in intensity for the two samples 
with coordinated NCO- ligands compared to the other samples and solution standards. 
The peak at 8335 eV for the electrochemically generated NiINCO- sample (Figure I(g» is due to 
a monochromator 'glitch'. The reason it is only seen in this sample is due to the lower 
concentration of Ni in the electrochemically generated solution (relative to model solutions), 
which results in a lower overall absolute intensity. 
In conclusion it appears that the Ni complexes with NCS- and NCSe- in the model solutions are 
mostly octahedral in geometry, with varying degrees of distortion depending on the ligand, 
arising from the mixture of co-ordination species (NCX- and DMSO). However the Ni 
complexes with NCO- appear to have a different geometry, or possibly a mixture of geometries. 
The XANES spectra of the Ni/cyanate system produced by anodic dissolution of Ni in 0.05 mol 
L- I KOCN to the 2:1 KOCN:Ni(U) model solution (Figure I(g) and Figure I(d), respectively) are 
similar, indicating that the model solutions are accurate representations of the co-ordination 
environment existing in the electrochemically generated solutions, as also proven by IR 
spectroscopy.15 For this reason, and because the Ni(U) complex ion species can be prepared in 
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higher concentrations than what would be produced in the electrochemical experiments, the bulk 
of the study presented here concentrates on the model solutions. 
EXAFS 
The EXAFS region of the XAS spectra was analyzed to gain more information about the average 
coordination environment around the Ni(II) centres under study. 
The NiO powder standard was fitted simultaneously for k', k' and k3 weightings in R-space, 
using a FEFF model based on the NiO crystal structure to a radial distance of R = 6 A. All 
single- and multiple- scattering paths were used to fit the data to R = 5 A. The data and fit for k' 
weighting is shown in Figure 2, and for all k-weightings in Figure SI. The parameters used are 
given in Table SI. In the EXAFS equation, the co-ordination number, N, and the amplitude 
parameter, So' , are combined as a product. For NiO, N is known to be 6. The value of So' 
obtained fro m the fit is 0.78 ± 0.07, which is within the usual expected range of 0.7-1. 1. 35 When 
fitting the samples, the unknown co-ordination number can be obtained if one assumes that So' 
has this same value. 
11 
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Figure 2. EXAFS data and fit for NiO powder standard ('Sample I ') in (a) k-space and (b) R-
space, with k2 weighting. 
The same analysis method (constructing a model based on a known crystal structure) cannot be 
applied to complex ions in solution due to the lack of long-range order. Instead, a collection of 
single-scattering paths was used to fit the data, with constraints imposed on various parameters 
as appropriate. 
First we consider the two Ni(N03h standards dissolved in H20 and DMSO, shown in Figures 3 
and 4 respectively. A prominent peak in both spectra is observed at R ::: 1.5 A, corresponding 
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to the first nearest neighbour shell. For Ni2+ in H20, a model was constructed using only oxygen 
atoms, since hydrogen is not usually observed in EXAFS. Two paths representing the first and 
second solvation shells were estimated to be located at 2.0 and 4.0 A. Seven parameters were 
used: amplitude (amp), (i (Debye-Waller Factor) and I1r (to account for the difference in the 
shell radius between the model and actual data) for each path, and LlEa (same for both paths). A 
full list of parameter values is given in Table S2. The data and fit for k2 weighting are shown in 
Figure 3, and for all k-weightings in Figure S2. 
For Ni2+ in DMSO, it is assumed that the oxygen atom, with its lone electron pairs, is closest to 
the Ni2+ ion. A collection of single-scattering paths to represent the oxygen, sulphur, and two 
carbon atoms of DMSO at appropriate path distances based on the molecular geometry was used. 
This gave a good fit to the data and used 9 parameters, which are given in Table S3. The data and 
fit for k2 weighting are shown in Figure 4, and for all k-weightings in Figure S3. 
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Figure 3. EXAFS data and fit for Ni2+ in H20 standard (Ni(N03h dissolved in water, 'Sample 
2') in (a) k-space and (b) R-space, with k2 weighting. 
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Figure 4. EXAFS data aud fit for Ni2+ in DMSO standard (Ni(N03)2 dissolved m DMSO 
solvent, 'Sample 3') in (a) k-space and (b) R-space, with k2 weighting. 
When comparing the product NXSOl for the three standards and dividing by the value of S02 
obtained from the NiO fit of 0.78 ± 0.07, it is possible to obtain values for the co-ordination 
number of Ne+ in the two liquid standards (Table 1). These are the same as each other within 
uncertainty. The average co-ordination numbers may be 5 or 6 within uncertainty, but are most 
likely to be 6. According to literature,s. 33 the predominant species in such solutions are likely to 
be [Ni(HlO)6ll+ and Ni(DMSO)l+. This is consistent with the XANES spectra of Nil+ in H20 
IS 
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and in DMSO which are very similar to one another, and to literature data for octahedrally co-
ordinated Ni2+ ions. 34 
Table 1. Extraction of co-ordination numbers for standards. The co-ordination number is 
calculated assuming the global value of S02 of 0.78 ± 0.07, as obtained from the NiO standard, 
applies to all samples. 
Sample N III Fitted value NXS02 Calculated 
model 2 coordination of So 
number, N 
NiO 6 0.78 ± 0.Q7 4.68 ± 0.42 6.00 ± 0.60 
Ni(N03h in H2O I 4.00 ± 0.15 4.00 ± 0.15 5. 13 ± 0.65 
Ni(N03h in DMSO 1 4.16 ± 0.20 4.16 ± 0.20 5.33 ± 0.74 
We now consider the nickel DMSO-pseudohalide complexes, which are expected (based on 
assumptions of octahedral coordination geometry as suggested by XANES) to have the average 
stoichiometry Ni(NCX'MDMSO)m (X = 0, S, or Se), most likely with n = 1 and m = 5, resulting 
in a 6-co-ordinate, possib ly distorted, octahedral geometry, 
The first question that arises when proposing a model structure for this complex is : which 
terminus of the pseudohalide ion complexes to N?+? We begin by considering the case of a 
Ni(II) complex containing NCSe' as the coordinated pseudohalide ion. Selenium has the highest 
atomic number of the species studied and will therefore lead to different spectral responses at 
different k-weightings compared to lower atomic number species such as C, N, and 0 
(specifically, at higher k-weightings Ni-Se components will show an increase in intensity relative 
to Ni-C, Ni-N and Ni-O components). 
16 
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A model was constructed from a collection of single-scattering paths as follows. The OM SO 
molecule was included with paths based on the Ni'+ in OMSO standard. The number of 
parameters for the OMSO molecule was reduced by fixing the amplitude ratios of the four paths, 
and using a single amplitude scale factor, and common ,,' parameter. The NCX (X = 0, S, or 
Se) molecule was modelled in two different ways. In the first, three separate paths were included 
corresponding to N, C, and either 0, S, or Se at appropriate distances from the central Ni atom. 
These paths shared a common ,,' parameter, and each had separate independent parameters for 
'amp' and M. This resulted in a total number of parameters of 13. For consideration of the case 
involving Ni(II) coordinated to NCSe-, models were constructed for both Ni-NCSe and Ni-
SeCN. The Ni-NCSe model gave a much more stable fit than Ni-SeCN, indicating that the 
pseudohalide ion is complexed to the Ni(Il) central atom via the nitrogen atom - an observation 
that is consistent with IR data reported by previous workers.36-38 Therefore in considering Ni(lI) 
complexes coordinated to the other pseudohalide ions, similar models were also constructed for 
Ni-NCS and Ni-NCO. (However, note that due to the similarity in atomic number between Nand 
0, it is impossible to distinguish between Ni-NCO and Ni-OCN by EXAFS alone.) A list of the 
fitted values for the parameters for each sample is given in Table S4, and the data and fits are 
shown in Figures S4-S7. 
Although the first method gave reasonable fits and values for the amplitude parameters, the shell 
radii for some of the atoms - particularly Ni-N and Ni-C in the Ni-NCX ligand - resulted in 
unphysical bond lengths for N-C « 1.0 A) in the NCX molecule. For collinear paths, mUltiple 
scattering can often be significant. Since all ions in the NCX series are linear, a second model 
was constructed that included multiple scattering paths for NCX-. Once again, single-scattering 
paths were used for OMSO. This resulted in more realistic values for N-C bond lengths within 
17 
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the NCX" molecules. Note that the Ni-X (X = 0, S, Se) distances are indicative only as these are 
close to the limit of the fitting range used. Once again both Ni-NCX and Ni-XCN models were 
considered, and for X = Se and S the Ni-XCN model failed (these results are not shown). The 
fitted values of the parameters are given in Table 2, and the data and fits are shown for k'-
weighting in Figures 5-9 and all k-weightings in Figures S8-SII. 
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Figure 5. EXAFS data and fit for 2: I KOCN + Ni'+ in DMSO model solution ('Sample 4') in (a) 
k-space and (b) R-space, with k' weighting. Single-scattering paths were used for DMSO, and 
multiple-scattering paths for NCO". 
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Figure 6. EXAFS data and fit for 2:1 KSCN + Ni2+ in DMSO model solution ('Sample 5') in (a) 
k-space and (b) R-space, with k2 weighting. Single-scattering paths were used for DMSO, and 
multiple-scattering paths for NCS-. 
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Figure 7. EXAFS data and fit for 2: I KSeCN + Ni2+ in DMSO model solution ('Sample 6') in 
(a) k-space and (b) R-space, with k2 weighting. Single-scattering paths were used for DMSO, 
and multiple-scattering paths for NCSe-_ 
20 
RSC Advances Page 22 of 33 
View Article Online 
001: lQ.1039/C4RA14940H 
I .' 
(a) 
1.0 
0.' 
~ 0.0 
':., 
·0.5 
- Data 
·' .0 
- " ~ · ·· Window 
·Ui 
0 2 • • 8 10 12 14 
k lA') 
1.4 
1.2 
(b) 
1.0 g 
0.8 ~ I',i 
>- 0 .• 
I!.. 
OA 
0.2 
0.0 
0 2 3 4 , • 
R lA) 
Figure 8. EXAFS data and fit for electrochemically generated Ni2+:NCO' complex ions in 
DMSO solution ('Sample 7') in (a) k-space and (b) R-space, with k2 weighting. Single-scattering 
paths were used for DMSO, and multiple-scattering paths for NCO'. 
Table 2. Parameters used in EXAFS fits with a multiple-scattering model for NCX and a single-
scattering model for DMSO. 
Parameter X=O X = S X = Se echem 
X=O 
# parameters 12 14 13 12 
Independent points 20.0 20.0 20.0 20.0 
k-range 2.0 - 10.0 2.0 - 10.0 2.0 - 10.0 2.0 -10.0 
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R-range 1.0 - 5.0 1.0 - 5.0 1.0 - 5.0 
k-weights used 1,2,3 1,2,3 1,2,3 
Reduced X" 106 484 301 
~Eu (all paths) -4.1 ± 1.0 -5.7 ± 2.5 -4.8 ± 1.4 
cr" (DMSO paths) 0.005 ± 0.004 0.005 ± 0.007 0.003 ± 0.003 
cr" (NCX- single 0.002 ± 0.004 0.002 ± 0.005 0.001 ± 0.005 
scattering paths) 
cr" (NCX- multiple 0.005 ± 0.011 ' 0.007 ± 0.015 ' 0.018 ± 0.010 
scattering paths) 
scale (DMSO)' 0.71 ± 0.13 0.94 ± 0.45 0.70 ± 0.19 
amp_O (DMSO)" 3.34 ± 0.87 
amp_S (DMSO)' 2.87 ± 1.36 
amp (NCX') 0.52 ± 0.49 0.64 ± 1.10 1.34 ± 1.10 
r 0 (DMSO) 2.06 ± 0.01 2.06 ± 0.03 2.08 ± 0.026 
r S (DMSO) 3.19±0.03 3.14 ± 0.02 3.14 ± 0.04 
r Cl (DMSO) 3.87 ± 0.09 3.94 ± 0.09 3.98 ± 0.063 
r_C2 (DMSO) 4.18 ± 0.05 4.13 ± 0.09 4.16 ± 0.063 
r N (NCX-) 1.99 ± 0.15 1.97±O.l9 2.01 ± 0.05 
r C (NCX') 3.10 ± 0.09 3.00 ± 0.26 3.34 ± 0.14 
r X (NCX-) 4.14 ± 0.07 4.84 ± 0.06 5.11 ± 0.08 
'For the DMSO paths, amp(O) = scale*4.14, amp(C) = scale*4.61. 
b X = S only. 
, Set to 3*cr2(NCX- single scattering). 
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1.0 - 5.0 
1,2,3 
32.5 
-6.4 ± 1.3 
0.004 ± 0.005 
0.00 I ± 0.003 
0.004 ± 0.008 ' 
0.62 ± 0.09 
0.59 ± 0.32 
2.04 ± 0.01 
3.15±0.03 
3.95 ± 0.07 
4.05 ± 0.10 
1.98 ± 0.06 
3.09 ± 0.14 
4.31 ± 0.06 
Figure 9 shows the path distances graphically for the two approaches used (i.e. single scattering 
only for all and multiple scattering (NCX-) and single scattering (DMSO)). Given that the NCX' 
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ligand is linear, the bond distances can be directly read off the graph. For all of the fits that were 
pcrfonned using a single-scattering model (as labelled in Figure 10) for NCX, the N-C bond is 
less than 1 A, which is unreasonable, even though the reduced l is lower for these fits. The N-C 
bond acquires values > 1 A when multiple scattering paths are included. This demonstrates the 
necessity of including multiple scattering paths for the linear NCX ligand. As mentioned above, 
the Ni-X (X = 0, S, Se) distances are indicative only as these are close to the upper limit of the 
fitting range used. However these show consistent trends with size, as expected, and the model 
and electrochemically generated Ni-NCO data yield quite consistent distances for the furthest Ni-
° shell of this ligand. 
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Figure 9. Graphical representation of path distances obtained from EXAFS fitting. Sample ID 
numbers have been described in the experimental section. 'm' = 2:1 NCX":Ni'+ model solutions, 
'e' = electrochemically generated solution. 
The overall co-ordination environment can be ascertained by considering the various amp (So') 
parameters. If we assume that the co-ordination numbers of the Ni'+ in H,O and Ni'+ in DMSO 
liquid standards are both 6, then we can obtain the co-ordination numbers for both types of 
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ligands in the [Ni(NCX)x(DMSOkx](2.X)+ complex lOns, i.e. N(DMSO) and N(NCX). These 
values are given in Table 3. 
Table 3. Extraction of co-ordination numbers for samples from fits with single scattering paths 
for DMSO and multiple scattering paths for NCX. 
Sample N (DMSO) N (NCX) Total N 
4 (Model Ni-NCO) 4.3 ± 0.4 0.8 ± 0.4 5.0± 0.8 
5 (Model Ni-NCS) a 4.8 ± 1.5 0.9 ± 0.8 5.7 ± 2.3 
6 (Model Ni-NCSe) 4.2 ± 0.5 1.9 ± 0.8 6. I ± 1.3 
7 (Echem Ni-NCO) 3.7 ±0.3 0.9 ± 0.2 4.6 ± 0.5 
a Based on N,-O path from DMSO only, smce the uncertamtles on amplitude for the Ni-S and 
Ni-C paths were large (- 50%). 
The average co-ordination numbers obtained from the model including multiple-scattering NCX' 
paths showed 6-co-ordinate Ni for NCSe' and NCS', and 5-co-ordinate Ni for NCO'. 
DISCUSSION 
The XAS results complement earlier IR studies on the nickel pseudohalide-DMSO complexes 
by providing quantitative measures of the average co-ordination numbers of each species and an 
understanding of the co-ordination geometry. These measurements were performed on complex 
ions in solution at relatively low concentrations. Both IR and XAS experiments indicate that the 
complex ion species formed in the presence of SCN' and SeCN' are [Ni(NCS)(DMSO),t and 
[Ni(NCSe)(DMSO)5t respectively, whilst in the case of the cyanate, both the model and 
electrochemically generated solutions are blue in colour due to the presence of some 
25 
Page 27 of 33 RSC Advances 
c 
o 
ViEW Article Online 
DOl: 1O.1039/C4RA14940H 
[Ni(NCO)4t ions as reported in other literature?9, 40 The mode of bonding to the pseudohalide 
ion in all cases is via the nitrogen atom36, 37, 41 the IR spectra show a change in the CoN stretch 
frequency but no change in the CoX (X = 0, S, Se) frequency for the co-ordinated ligand 
compared to the free ligand; and fitting the EXAFS data with a Ni-X-C-N model failed for X = 
S, Se. Due to the linear geometry of the pseudohalide molecules, it was important to include 
collinear multiple scattering paths in the EXAFS fits. Both the XAS and IR spectra show that the 
model Ni-OCN solution is representative of the electrochemically generated Ni-OCN complex in 
DMSO. 
It is important to note that the XAS analyses reported describe an average snapshot of all Ni 
species in the sample being studied. Hence the interpretation about specific complex ion species 
and the co-ordination environment around the NiH ion must take this into account. 
For instance in the case of the model solutions involving Ni2+/SCN' or Ni'+/SeCN', the 
"coordination numbers" extracted for the NiJpseudohalide species detected are 4.8 (- 5) DMSO 
molecules and 0.9 (- I) NCS' ion bonded to one Ni2+ ion and 4.2 (- 4) DMSO molecules and 1.9 
(- 2) NCSe' ions bonded to one Ni2+ ion. Overall these results confirm that the bonding in these 
Ni2+ complexes for these particular pseudohalide ligands are octahedral as suggested in the 
previous work ls The difference in the relative coordination numbers of Ni2+ and NCS'fNCSe' in 
the mUltiple scattering entries for the table are not regarded as being statistically significant in 
light of the large errors in N. It is believed that because of the relative concentrations used in 
making the model solutions and what is also actually used in the IR spectroelectrochemical 
experiments that the stoichiometry of the Ni-thiocyanate and selenocyanate complex ions that 
have been detected are mono or dipseudohalide complexes with the remainder of the attached 
ligands being coordinated solvent molecules (DMSO). Pilaczyk et a1.33 indicated in studies 
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investigating the dissolution of Ni(SCNh in DMSO that the charge-neutral dithiocyanate 
complex of Ni(II) forms hut that this complex cannot be detected or distinguished when 
observing UV/Vis spectra. Pilarcyzk et al. stated through conductivity measurements that the 
monothiocyanate complex ion of Ni(U) must also exist in such solutions. The EXAFSIXANES 
technique will only see an average of the (frozen) solution environment and this may also have 
some influence on the N numbers determined for DMSO and NCX. The previous paper" 
published on this system suggested that on the basis of model solution IR data that a 
monopseudohalide complex was more likely to form, i.e. [Ni(DMSO)s(NCX)t (X=S, Se). The 
alternative species (to this terminally bonded complex) that could be considered to exist in 
solution is a bridging complex such as (DMSO)4Ni(NCS)zNi(DMSO)4. According to Nelson et 
al.42 the CN stretches of bridged metal thiocyanate complexes (i.e. M-NCS-M) occur over a 
wider range of values and tend toward higher numbers than are observed in terminal M-NCS 
complexes. The possibility of a bridged complex was considered in EXAFS calculations but 
cursory processing of data in the present study using this bridging M-NCS-M model did not 
yield any changes in the overall results obtained from when the original models (assuming 
terminal bonding) were used, and also resulted in too many free parameters to yield a statistically 
meaningful result. Hence for both the Ni-thiocyanate and Ni-selenocyanate systems, it is 
believed that the stoichiometry of the system is at least a monopseudohalide Ni(JI) ion, though it 
is plausible that dipseudohalide ion substitutions may also be possible (though no change to IR 
frequencies of coordinated thiocyanate or selenocyanate reflect this in the model solution IR 
data) with the remainder being coordinated solvent molecules. This was made most obvious at 
least in the thiocyanate system case from the colour of solutions where the Ni(II) thiocyanate 
complex ion present in model solutions produced a greeny colour while colours of the 
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tetrahedral tetrathiocyanatonickelate(II) species or salts are blue4o, 43 as is the case for solids 
containing the dithiocyanatonickelate(II) complex44 
In the case of the Ni/cyanate systems, the EXAFS/XANES data has given a distinctly different 
result for overall coordination numbers to Ni of ligands. In general (see Table 3)), an average 
coordination of 5 is observed for Ni. Although 5-coordinate Ni(II) complexes are possible,.5 
what is believed to be the situation here is that the EXAFS/XANES measurement depicts an 
average environment in which tetrahedral Ni(II) cyanate complexes (i.e. [Ni(NCO)4t, 
responsible for the blue colour in these solutions,15 are mixed with other Ni(II) species which 
have an octahedral environment, e.g. [Ni(DMSO)6]'+33 Hence there is a mixture of 4 and 6 
coordinate species present in both the electrochemically generated solution and the model 
solution so that the EXAFS/XANES method effectively is sensing on average a "5-coordinate 
species" based on the calculated N numbers. This also accounts for the different features 
observed for Ni-NCO XANES compared to the other, octahedrally co-ordinated, Ni-NCS and 
Ni-NCSe samples and standards. It is strongly believed that the "6 coordinate" species is 
[Ni(DMSO)6]' + because the N values for DMSO in the "average" 5 coordinate complex are 
weighted toward the DMSO ligand. 
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CONCLUSION 
XANES and EXAFS were used to directly probe the coordination state of electrogenerated Ni(II) 
pseudohalide complex ions from anodic polarisation of Ni electrodes in polar aprotic solvents 
containing pseudohalide ions, NCO'. In addition, model solutions of NCO', NCS' and NCSe' 
were measured due to their being proven to be realistic models of the cell solutions after anodic 
dissolution of Ni in earlier reported work. 
Comparison of the XANES spectra collected for the model solution and electrogenerated system 
samples from this study with 6-, 5-, and 4-co-ordinated Ni shows that the sample spectra appear 
to match the octahedral geometry best of all of these, although some distortion is likely due to 
the presence of a Ni pre-edge peak (attributed in the literature to Is - 4p, transition) at 8340 eV, 
The average co-ordination environment around Ni in the presence of NCO' is different to that of 
NCS' and NCSe' (which both appear to be octahedral with some distortion) and may be a 
mixture of complexes having different geometries. 
In the EXAFS studies, two structural models were used to fit the data and hence gain information 
on the coordinative environment around Ni(II) in the model and electrogenerated solutions: one 
using single scattering paths for both DMSO and NCX- ligands, and one using single scattering 
paths for DMSO and including both single and mUltiple scattering paths for NCX-. Reasonable 
bond distances were only obtained using the model which included multiple scattering for NCX-. 
Models were constructed using both Ni-X-C-N and Ni-N-C-X for X = Se, S, and 0, For X = Se 
and S, fits to models where Ni was complexed by N were far more stable than those where Ni 
was complexed by Se or S, where several parameters tended towards unphysical values. That the 
ligand binds to the Ni centre through the nitrogen atom was in agreement with the wider 
inorganic chemical literature in this area. For X = 0 , either Ni-O-C-N or Ni-N-C-O gave 
29 
Page 31 of 33 RSC Advances 
. few ArtICle Online 
001: l O.1039fC4RA14940H 
acceptable fits. This is not surprising given the similarity in atomic number between Nand 0; 
however it is believed that in common with the NCS- and NCSe- based systems, and earlier IR 
studies of the Ni/OCN- system, that the mode of bonding of NCO- to Ni(U) is Ni-NCO. 
The average co-ordination numbers obtained from the model including multiple-scattering XCN-
paths showed 6-co-ordinate Ni for NCSe- and NCS-, and S-co-ordinate Ni for NCO-. In terms of 
the realistic situation existing in solution, this difference is a result of XAS being a number 
averaging technique. In the Ni/cyanate system, the result of "S-coordinate Ni" has likely resulted 
from there being a mixture of coordination geometries in solution, for instance [Ni(DMSO)6l2+ 
and [Ni(NCO)4t. In contrast, the results for the Ni/thiocyanate and Ni/selenocyanate systems 
indicate a monoisothiocyanatonickelate(II) or monoisoselenocyantonicklate(II) species which 
has an octahedral geometry. This is consistent with the differences observed in the XANES 
spectra, and with the different colours observed with the solutions themselves. 
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